In most pan-Eurasiatic species complexes, two phenomena have been traditionally considered key processes of their cladogenesis and biogeography. First, it is hypothesized that the origin and development of the Central Asian Deserts generated a biogeographic barrier that fragmented past continuous distributions in Eastern and Western domains. Second, Pleistocene glaciations have been proposed as the main process driving the regional diversification within each of these domains. The European common toad and its closest relatives provide an interesting opportunity to examine the relative contributions of these paleogeographic and paleoclimatic events to the phylogeny and biogeography of a widespread Eurasiatic group. We investigate this issue by applying a multiproxy approach combining information from molecular phylogenies, a multiple correspondence analysis of allozyme data and species distribution models. Our study includes 304 specimens from 164 populations, covering most of the distributional range of the Bufo bufo species complex in the Western Palearctic. The phylogenies (ML and Bayesian analyses) were based on a total of 1988 bp of mitochondrial DNA encompassing three genes (tRNAval, 16S and ND1). A dataset with 173 species of the family Bufonidae was assembled to estimate the separation of the two pan-Eurasiatic species complexes of Bufo and to date the main biogeographic events within the Bufo bufo species complex. The allozyme study included sixteen protein systems, corresponding to 21 presumptive loci. Finally, the distribution models were based on maximum entropy. Our distribution models show that Eastern and Western species complexes are greatly isolated by the Central Asian Deserts, and our dating estimates place this divergence during the Middle Miocene, a moment in which different sources of evidence document a major upturn of the aridification rate of Central Asia. This climate-driven process likely separated the Eastern and Western species. At the level of the Western Palearctic, our dating estimates place most of the deepest phylogenetic structure before the Pleistocene, indicating that Pleistocene glaciations did not have a major role in splitting the major lineages. At a shallow level, the glacial dynamics contributed unevenly to the genetic structuring of populations, with a strong influence in the European-Caucasian populations, and a more relaxed effect in the Iberian populations.
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Introduction
Throughout the Neogene (23-2.6 Ma), the Palearctic region has experienced several climatic and physiographic changes that have modulated the diversification of its biotas and shaped their distributions. This is particularly true for pan-Eurasiatic groups with distributions extending from the Western to the Eastern Palearctic; several paleoclimatic or paleogeographic events ranging from a regional to a global scale (Blondel and Aronson, 1999; Azanza et al., 2000; Fortelius et al., 2002; Melville et al., 2009 ) have likely structured these populations. Singularly, the rise of the Himalayas is one of the most important landmarks for understanding the distribution patterns in the Palearctic. This process, initiated 45-55 Ma, is considered the continents' largest perturbation to atmospheric circulation, ultimately originating the Central Asian Deserts and the monsoon-like climate in Eastern Asia (Molnar et al., 2010) . Several cases of sister-species complexes at both sides of the deserts have led to the hypothesis that the origin of the Central Asian Deserts separated many Eastern and Western species complexes by vicariance (Savage, 1973; Borkin, 1984; Voelker, 1999) . For amphibians, Savage (1973) and Borkin (1984) hypothesized that the progressive aridification of Central Asia coupled with global cooling trends during the forced the amphibian faunas to retract their ranges to the South, forming isolates at both sides of the great Central Asian Deserts.
After the above-mentioned splits between Eastern and Western domains, each lineage diversified regionally throughout the rest of the Neogene. However, the major causes of these cladogenetic events in most cases are debated. In the Western Palearctic, the classic ''glacial refugia'' theory attempts to explain most of these cladogenetic events as a consequence of shifts in the distributional ranges towards the South during the glacial maxima, leading to subsequent allopatric isolation and genetic differentiation in the Mediterranean Peninsulas (Hewitt, 2000) . The existence of species or subspecies broadly dividing into Eastern and Western groups backed this theory (e. g. Pelobates cultripes/Pelobates fuscus), suggesting that both groups were derived from refugia located in different Mediterranean Peninsulas (mainly Iberian Peninsula, Italian Peninsula and the Balkans) (Llorente et al., 1995) . However, dating estimates revealed that although some of the splits were associated with the glacial cycles, this was not a general rule and many splits could be firmly placed in Pre-Pleistocene times (Seddon et al., 2001; Babik et al., 2007) . Therefore, the role of Pleistocene glacial cycles shifted from being one of the most important processes for explaining the current diversity of species in the Palearctic to a more labile process with different degrees of relevance depending on the particular organism and the temporal scale considered (Klicka and Zink, 1997; Soria-Carrasco and Castresana, 2011) . A more modern view is that the phylogeographic structure of most Paleartic groups is actually a combination of deep splits during the Miocene or Pliocene, followed by a re-structuring caused by fluctuations in population sizes experienced during the Quaternary (e.g. Paulo et al., 2001; Mattoccia et al., 2005; Nascetti et al., 2005; Ursenbacher et al., 2008) . Nevertheless, in most cases the historical causes of these deep splits usually remain elusive.
Amphibians constitute a very good model to explore the historical aspects of species distributions due to their low dispersal capacity and retention of a strong phylogeographic signal. Moreover, they are very sensitive to climatic changes, which make them optimal organisms for discriminating the effects of glacial cycles and other environmental changes upon their genetic structure and biogeographic patterns (Zeisset and Beebee, 2008) . The European common toad belongs to the genus Bufo (sensu stricto), a pan-Eurasiatic group comprising two species complexes. Eastern Eurasia contains the greatest species richness of the genus, with 13-14 recognized species distributed across Central and Eastern China, Northern Vietnam, Korea, far Eastern Russia, and Japan (here and after the Bufo gargarizans species complex) (Frost, 2011 ; see also Zhan and Fu, 2011) .
The second complex occurs in the Western Palearctic, and only two or three valid species are currently recognized (here and after the Bufo bufo species complex) (Litvinchuk et al., 2008; Frost, 2011) : the Eichwald toad (Bufo eichwaldi Litvinchuk et al., 2008) , restricted to the Talysh mountains of the Southeastern Caucasus; the Caucasian toad (Bufo verrucosissimus (Pallas, 1814), not recognized by e.g. Crochet and Dubois, 2004) , which inhabits the Caucasus and Anatolia; and the European common toad (Bufo bufo (Linnaeus, 1758)), the Palearctic anuran with the largest distributional range, spanning from North Africa to the Polar circle and from the Western Iberian Peninsula to the Baikal Lake in Siberia (Lizana, 2002) . Despite this huge distributional range, according to Mertens and Wermuth (1960) , the European common toad is a single species with three subspecies: (1) the nominate subspecies Bufo bufo bufo, the Eurosiberian form, distributed across Northern and Central Europe, Western Siberia, the British Islands and the Eurosiberian enclaves of the Mediterranean peninsulas, (2) Bufo bufo spinosus Mertens, 1925 , considered the Mediterranean counterpart of the nominal subspecies, occupying the Mediterranean margins of Europe, North Africa and most parts of Western and Central France (Geniez and Cheylan, 2005, in press ), and (3) Bufo bufo gredosicola Müller & Hellmich, 1925 , with a very limited distributional range restricted to the highest prairies and lakes of the Sierra de Gredos, in Central Iberian Peninsula.
Since the European common toad and its closest relatives present a disjunct distribution across Eurasia (Lizana, 2002) , and also show regional structure in the Western Palearctic, they provide an interesting opportunity to examine the importance of the Central Asian Deserts as the vicariant event that separated Eastern and Western species complexes, and secondly to assess the relative contribution of both glacial and preglacial events in the regional structure of the Western Palearctic.
The aim of the present study is to combine data from molecular phylogenies, multiple correspondence analyses of allozyme data and species distribution models, to unravel the historical processes that have contributed to shaping the biogeography and cladogenesis of the most abundant and widely distributed amphibian genus in the Palearctic.
Methods

Taxon sampling, DNA extraction, amplification and sequencing
A total of 151 specimens were included in the mitochondrial DNA study, covering the entire distribution range of the species complex in the Western Palearctic (Table 1 and Fig. 1 ). Of these, 147 are members of the Bufo bufo species complex, with four specimens obtained from GenBank (Benson et al., 2008) . The remaining four specimens belong to the Bufo gargarizans species complex and were used as outgroups (all obtained from GenBank). A list of all the samples used in the present work with their extraction codes, voucher references, corresponding localities and GenBank accession numbers can be found in Table 1 . Genomic DNA was extracted from ethanol-preserved tissue samples using the Qiagen DNeasy Blood & Tissue Kit. A total of 1988 bp of mitochondrial DNA were sequenced for most of the specimens (5.8% of missing data), encompassing fragments of three genes: tRNAval (48 bp), 16SrRNA (1386 bp) and ND1 (554 bp). Already published primers for the amplification and sequencing of the mitochondrial gene fragments included in the present study as well as PCR conditions used are given in detail in Biju and Bossuyt (2003) and Roelants and Bossuyt (2005) . All amplified fragments were sequenced for both strands. Contigs were assembled in Geneious v. 5.3.6 (Biomatters Ltd.).
Phylogenetic analyses of mitochondrial DNA
The sequences obtained were aligned using the online version of MAFFT 6.240 (Katoh et al., 2002) (http://align.bmr.kyushuu.ac.jp/mafft/online/server/), following a FFT-NS-i strategy (slow, iterative refinement method) with the rest of the settings left by default (scoring matrix 200PAM (k = 2), gap opening penalty = 1.53). The gaps generated by the process of alignment were considered missing data in all the following analyses.
Two methods of phylogenetic analysis, namely maximum likelihood (ML) and Bayesian analysis (BI), were employed and their results compared. The ML analysis was performed using RaxML 7.0.4 (Stamatakis, 2006) with the dataset split in two partitions: one partition including the RNA-coding genes and the other including the protein-coding gene (ND1). JModeltest (Posada, 2008) was used to select the most appropriate model of sequence evolution Table 1 Sampling localities for the mitochondrial phylogeny and allozyme analysis (including geographic coordinates and country), taxonomic assignation and clade or group assignation according to the molecular phylogeny or the MCA analysis, respectively. A map with the geographic distribution of all the representatives of the Bufo bufo species complex included in our analyses is shown in Fig. 1 for the ML and Bayesian analyses under Akaike's information criterion. This was the GTR model taking into account the gamma distribution and the number of invariant sites for each of the two independent partitions. To explore the topological space, we performed 1000 independent heuristic searches each one starting from a parsimony tree. The likelihoods of the resulting trees of each run were compared and the one with the highest Àlog L was selected. Reliability of the ML searches was assessed by bootstrap analysis (Felsenstein, 1985) , involving 1000 replications. Support values for every node were superimposed onto the best tree topology. BI analysis was conducted using MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003) . The dataset was split into the same two partitions mentioned before (protein-coding and RNA-coding mitochondrial regions) and two independent runs of four Markov chain Monte Carlo (MCMC) chains were executed in parallel for 10 million generations, with a sampling interval of 1000 generations. Preliminary analyses (data not shown) revealed that our dataset was extremely sensitive to the branch-length prior, producing trees with very long branches (several orders of magnitude longer than the branches of the ML tree). This is not a rare phenomenon, which has been reviewed and analyzed in several recent papers (e.g. Brown et al., 2010; Marshall, 2010) . To solve this problem, we followed the recommendations by Brown et al. (2010) and specified a branch-length prior with a smaller mean to reduce the posterior probability of the long-tree region in the branch-length space. The new mean was calculated using the formula proposed by the authors and was set to 1/379. Convergence of the two runs was evidenced by a split frequency standard deviation lower than 0.01 and by potential scale-reduction factors to 1 for all model parameters as shown by the command ''sump'' in MrBayes (Ronquist and Huelsenbeck, 2003) . Posterior probabilities (pp) for every clade were obtained by combining the sampled trees from the two parallel runs excluding a relative burn-in of 30% of the trees from each run. In both analyses three species of the Bufo gargarizans species complex were used to root the tree (Bufo gargarizans, Bufo japonicus and Bufo andrewsi).
To determine whether the mtDNA data supported the currently established taxonomic partitions proposed by Mertens and Wermuth (1960) , we used topological constraints to enforce monophyly of the subspecies as currently defined (see Table 1 ), using the package Mesquite v2.78 (Maddison and Maddison, 2009) . Topological constraints were compared to optimal topologies using the Approximately-Unbiased (AU) (Shimodaira, 2002) and Shimodaira-Hassegawa tests implemented in CONSEL (Shimodaira and Hasegawa, 2001 ). The subspecies were assigned to our specimens following Mertens and Wermuth (1960) , Lizana (2002) and Muratet (2008) and on information on the morphological variation of the species (PAC and PG, unpublished results). The specimens of dubious taxonomic assignment were excluded from the test.
Allozymes
Sixteen protein systems, corresponding to 21 presumptive loci were examined for 172 specimens from 40 different localities, including Bufo gargarizans and representatives from all the species and subspecies of the Bufo bufo species complex, with the only exception of B. b. gredosicola. Electrophoretic conditions for the proteins studied were as described by Litvinchuk et al. (2008) . The populations of the Bufo bufo species complex included in the allozyme analysis are shown in Fig. 1 , and the corresponding locality names and taxonomic assignment are presented in Table 1 .
The software BIOSYS-1 (Swofford and Selander, 1981) was used to calculate the average expected and observed heterozygosity per locus (Hexp and Hobs), the percentage of polymorphic loci (P), as well as Nei's genetic distances (Nei, 1978) . The matrix of Nei's genetic similarities was converted into a neighbor-joining tree (NJ; Saitou and Nei, 1987 ) using MEGA 5.0 (Tamura et al., 2011) . This method of phylogenetic reconstruction is known to perform well for allozyme data (Wiens, 2000) .
A Multiple Correspondence Analysis (MCA) on the population frequency data was performed with the computer software Statistica Kernel version 5.5 (StatSoft, Inc.; Tulsa; USA). For this analysis each row in the dataset was a population and each column represented the frequency of the ith allele of the jth locus.
Dating estimates
Divergence dates for our dataset were estimated using a Bayesian relaxed molecular clock approach (BRMC) by means of the package BEAST v. 1.5.2 . Given that some priors (e.g. tree priors) do not adequately account simultaneously for both interspecific (phylogenetic priors) and intraspecific data (coalescent priors), we opted for a reduction of our dataset maintaining solely one representative of each clade as appeared in our ML phylogeny. In this way we also reduced the amount of intraspecific polymorphism, which yields an overestimation of the divergence times when deep and external calibration points are used (Ho et al., 2008) .
In order to introduce the calibration points, all external to our ingroup, we included the Bufo bufo species complex in the phylogenetic context of 173 species belonging to the family Bufonidae (approximately 30% of the species of the family) plus six species that were used as outgroups (Supplementary material I and II).
Four external calibration points were used, all of them already employed in previous studies to calibrate timescales encompassing the whole family Bufonidae (Pramuk et al., 2007; Van Bocxlaer et al., 2009 , 2010 America (20 Ma), was used as a minimum age for the split between the North American toads (genus Anaxyurus) and their sister group, the Central-American toads of the genus Incilius. This was set using a gamma distribution (alpha = 1.2, beta = 4) starting at 20 Ma. 3. The oldest fossils belonging to the Bufotes viridis species complex, all dating from the Lower Miocene of Southeastern France, Greece, Northern Turkey and Southern Germany, are assumed in this study to belong to the lineage leading to the European Bufotes viridis complex, therefore representing a minimum age for the split between this lineage and the lineage leading to Bufotes surdus. The calibration point was associated to a Gamma distribution (alpha = 1.2, beta = 4) with an offset placed in 18 Ma.
4. The oldest fossil attributable to the Rhinella marina species complex (11 Ma), was established as a minimum age for the split between the Rhinella marina species complex and its sister group, the Rhinella granulosa species complex. This was set by means of a Gamma distribution (alpha = 1.2, beta = 4) with an offset established in 11 Ma.
Preliminary analyses showed that our mitochondrial markers (tRNAval, 16S and ND1) could not resolve deep nodes, so we concatenated two nuclear genes CXCR4 (688 pb) and NCX1 (1285 pb) downloaded from GenBank to improve the resolution of the deep splits (see Supplementary material I). The unalignable regions of the noncoding mitochondrial markers were removed by means of Gblocks (Castresana, 2000) , eliminating the misaligned regions and the positions with more than 50% missing data (36% of the original mitochondrial dataset).
A Yule branching process with a uniform prior and an uncorrelated branch rate variation was modeled by means of a resampling from a lognormal distribution. The model of evolution was set to GTRGAMMAI. The clock model and the evolutionary models were applied independently to the four partitions: (1) mitochondrial protein-coding; (2) mitochondrial RNA-coding; (3) nuclear CXCR4; and (4) nuclear NCX1 (Van Bocxlaer et al., 2009) .
The analysis consisted of five independent Markov chain Monte Carlo (MCMC) analyses; each chain was run for 25,000,000 generations with parameters and trees sampled every 1000 generations. These five independent runs converged on very similar posterior estimates and were combined using LogCombiner version 1.4 after excluding the first 5,000,000 generations in each one . Tracer 1.2 was used to confirm convergence and good mixing of the five combined MCMC chains. Finally we generated the maximum clade credibility consensus tree with median node heights using the TreeAnnotator program (also included in BEAST package), setting the posterior probability limit to 0.5.
Species distribution modeling
Distribution models were used to tackle two questions: first, to test the role of the Central Asian Deserts as a biogeographic barrier; and secondly to examine whether the climate-based potential distribution of the species in the Last Glacial Maximum (LGM) could explain the shallow structure found in the most structured parts of our phylogeny.
Testing the Central Asian Deserts as a biogeographic barrier
Correlative distribution models can be very useful tools for testing the existence of environmental barriers to dispersal and gene flow, particularly when we suspect, as in this case, that the distribution limits can be greatly determined by climatic causes (the existence of the Central Asian Deserts) (Kozak et al., 2008; Sexton et al., 2009) .
To accomplish this, we modeled the current distribution of both species complexes in Eurasia. The Bufo bufo species complex was modeled using the localities included in this study (168 localities) to which we added 269 georeferenced localities of the species complex in Russia and adjacent countries (unpublished data from SNL) plus 23,803 localities from its entire distribution range obtained from Gbif (http://data.gbif.org). To produce the distribution models of the Bufo gargarizans species complex, we downloaded from Gbif all available localities of Bufo tibetanus (511 localities), Bufo andrewsi (1959 localities), Bufo tuberculatus (9 localities), Bufo cryptotympanicus (4 localities) and Bufo gargarizans (787 localities). The localities belonging to Bufo japonicus (18 localities) were obtained from Igawa et al. (2006) . The models were generated by Maxent 3.3.1 (Phillips et al., 2006; Phillips and Dudík, 2008) . To avoid highly correlated and redundant climatic variables in our climatic dataset, which can cause over-parametrization and loss of predictive power (Williams et al., 2003; Buermann et al., 2008) , the environmental data from 10,000 randomly generated points from across the study area were extracted and, from there, the level of correlation between pairs of variables was analyzed using the Pearson correlation coefficient. When two variables shared a correlation coefficient of 0.80 or higher, these were considered highly correlated, and the most meaningful variable was selected according to the physiological requirements of a typical mesophilic amphibian. Following this criterion, of the 19 variables available, eight variables were retained as input data for the distribution models: Bio1 (annual mean temperature), Bio2 (mean diurnal range), Bio7 (temperature annual range), Bio8 (mean temperature of wettest quarter), Bio12 (annual precipitation), Bio13 (precipitation of the wettest period), Bio15 (precipitation seasonality) and Bio18 (precipitation of the warmest quarter).
We generated models for each species complex independently and models pooling the localities of both species complexes. In both cases, we generated eight sets of 50 replicates of the distribution models, every set with increasing regularization values (1, 3, 5, 9, 20, 30, 40 and 50) . By doing so, we progressively reduced the overfitting of our data in every replicate, producing more spreadout potential distributions (Phillips et al., 2006) . The rationale is to extend as much as possible the distribution of both species complexes in all possible directions to test the stability of the Central Asian Deserts as a biogeographic barrier. Convergence threshold and maximum number of iterations corresponded to default settings of the program (0.00001, 500 respectively). For each set, we considered the mean of the 50 models the best estimate for the potential limits for both species. Model performance was evaluated using the AUC and the threshold-dependent binomial omission tests calculated by Maxent.
Testing the effects of glaciations
We explored whether the range shifts and population fragmentation experienced by the species during the Late Quaternary (0.0117-0.126 Ma) were congruent with the shallow phylogenetic structure of the European-Caucasian clade (the clade with the highest degree of geographic structure, see results). Localities corresponding to the European-Caucasian clade were projected onto the current climate and, assuming niche stability during the last 18,000 years (Nogués-Bravo, 2009), onto two possible reconstructions of the climatic conditions during the last glacial maximum (LGM), which were based on two models: the Community Climate System Model (CCSM) and the Model for Interdisciplinary research on Climate (MIROC). The climatic layers from the current and past scenarios were downloaded from the WorldClim (http:// www.worldclim.org) database at 2.5' spatial resolution. The methodology used to generate the layers can be found in Waltari et al. (2007) and Hijmans et al. (2005) .
Both present-day and past distribution models were generated through 100 replicates with Maxent 3.3.1 (Phillips et al., 2006; Phillips and Dudík, 2008) using the same climatic layers previously selected. To the 89 georeferenced localities of the EuropeanCaucasian clade obtained by ourselves, we added 30 localities selected from Gbif (http://www.gbif.org) to cover the less-sampled areas. In each replicate, 70% of the localities were used to train the model and 30% to test it. The model calibrated with the presentday occurrence data was projected onto the current climate and past climatic conditions. Convergence threshold, maximum number of iterations, regularization values and features were set to default values. The output probability of presence of the species was set to logistic, and a threshold of the 10th percentile of training presence was used to generate binary layers. Finally, the binary maps of both models were superimposed by means of the program ArcMap v.9.3. The model performance was evaluated using the AUC and the threshold-dependent binomial omission tests calculated by Maxent.
Results
Patterns of mitochondrial sequence variation and phylogeographic structure
The resulting mitochondrial dataset contained 1988 bp of which 289 bp were variable and 245 parsimony-informative (excluding the outgroups). The phylogenetic tree resulting from the analysis of the mitochondrial data is presented in Fig. 2 and reveals five major haplotype clades with the following geographic delimitations (see Figs. 2 and 3 ): (1) Caspian clade, the basal-most split within the Bufo bufo species complex, corresponding to the species Bufo eichwaldi. It is distributed along the Southern shore of the Caspian Sea (Southeastern Azerbaijan and probably Iran); (2) European clade, corresponding to Bufo bufo sensu stricto (includes specimens from the type locality of Bufo bufo). According to Fig. 2 and Table 1 , this clade appears to include specimens classified as both B. b. bufo and B. b. spinosus. It is the sister group to the Caucasian clade and is the clade with the largest distributional range, encompassing most of the currently known distribution of the species with the exception of Southern and Western France, Iberian Peninsula, North Africa and the Caucasus; (3) Caucasian clade, the sister group to the European clade, includes the taxon Bufo verrucosissimus and one population (locality 167) assigned to B. b. spinosus (Table 1) . It is distributed across the Caucasus, with one population in Anatolia; (4) Iberian clade, distributed across the entire Iberian Peninsula and Southern and Western France, includes populations classified as B. b. spinosus and B. b. gredosicola; and (5) African clade, the sister group to the Iberian clade, includes specimens assigned to B. b. spinosus only and it is distributed across the mountain ranges and humid areas of Morocco, Algeria and Tunisia.
The average uncorrected sequence divergence (p-distance) among these five major clades is 5.42%. Table 2 shows the pairwise distances among clades for the 16S and ND1 genes.
As stated above, Bufo b. spinosus and B. b. bufo were not monophyletic in our analyses of the mtDNA data ( Fig. 2 and Table 1). The results of both the SH and AU tests indicate that the best tree enforcing monophyly of the currently defined subspecies has significantly less likelihood (P < 0.0001) than the unconstrained ML topology shown in Fig. 2 (Log L unconstrained = À7570.303; Log L constrained = À8034.871).
Regarding the shallow phylogenetic structure, the different clades show different degrees of intraclade structuring. The Iberian clade does not have a well-supported structure in either ML or BI analyses, and this structure lacks correlation with geography ( Figs. 1 and 2) . By contrast, the European, Caucasian and African clades show an explicit degree of geographic structuring in both ML and BI analyses. Indeed, in the European clade seven subclades are recovered in our analysis, corresponding to the following geographic regions (see Figs. 2 and 3): Southern Italy (e7), North-Central Italy (e6), Greek Peninsula (e5), North-Central Europe (e1), South-Central Europe (e3), Southwestern Europe (e2) and Anatolia (including Northeastern Greece) (e4). All of them have high pp and bootstrap support values with the only exception of the Anatolian clade (despite being recovered by both ML and Bayesian analyses).
In addition, the Caucasian clade is composed of three well-supported subclades: North Caucasus, South Caucasus and Central Anatolia (c1, c2 and c3 respectively), and the African clade includes two subclades, a Moroccan clade and a Tunisian clade (a1 and a2 respectively). The lack of sampling in Algeria hampers resolution of the precise geographic contact between these two clades. The Moroccan clade presents some genetic differentiation between the population from the Great Atlas and the populations from the Rif/Middle Atlas.
Allozymes
Allele frequencies, sample size, percentage of polymorphic loci, and average heterozygosity are presented in Supplementary material III. Among 21 presumptive loci, 16 are polymorphic and include between two and seven alleles. The MCA analysis of allozyme variation is presented in Fig. 4 . The populations are grouped according to the five mtDNA clades (Fig. 2) and not according to the current taxonomy (see Table 1 ). Specimens from localities 69, 108 and 117 (Table 1), classified as B. b. spinosus, in fact present mtDNA and allozymes of B. b. bufo, while specimens from localities 166 and 167, also classified as B. b. spinosus, group with B. verrucosissimus. Based on the fact that multiple independent nuclear loci are more likely to reflect evolutionary history than the mitochondrial locus, the six main mtDNA clades thus seem to correspond to the real evolutionary history of the Bufo bufo species complex. However, the NJ tree ( Fig. 4c ) based on Nei's genetic distances among populations (Supplementary material IV) does not recover the African and Iberian populations as monophyletic.
A number of populations occupy an intermediate position in the MCA scatter plots (Fig. 4a and b) and exhibit a mix of alleles typical of more than one lineage (Supplementary material III; see also Supplementary material V for scores along the first four axes for the MCA analyses). The Greek populations 69 and 117 have an intermediate position between the Caucasian and European groups, and it is clearly not an artifact, as these populations exhibit a mix of Caucasian and European alleles, indicating mixed ancestry of the Greek populations (Supplementary material III) . The single individual analyzed from locality 108 (Italy) carries mostly European alleles, confirming its assignment based on mtDNA (Fig. 2) , but it also presents at two loci (Est-3, G6pdh) Iberian alleles that are not found in any other individual of the Caucasian or European populations. Specimens from another locality (locality 45; Lac du Saut de Vésoles, S. France) occupy an intermediate position in the MCA scatter plots between the European and Iberian clades (Fig. 4) . Its mtDNA places it with the Iberian clade, but its nuclear DNA exhibits both European and Iberian alleles (Supplementary material III). Both the Caspian and Caucasian populations are well separated in the MCA analysis.
The average Nei's genetic distances among the five clades are shown in Supplementary material VI. All the clades are genetically very well differentiated (Nei's genetic distance: 0.196-0.632). The lower genetic distance corresponds to the comparison between the Caucasian and European clades and the highest to the comparison between the Caucasian and African clades. The European populations sampled for the allozyme study (see Fig. 1 and Table 1 ) present a low level of genetic differentiation (average Nei's genetic distance: 0.010), despite being from localities as far away as Denmark, Sweden, Germany, Croatia, Russia, Belarus, Moldova and Ukraine. In contrast, the Moroccan and Tunisian populations of the African mtDNA clade are genetically very distinct (Nei's genetic distance: 0.349). This value is comparable to the genetic distance between the Iberian and African populations (see Supplementary material VI) and supports the distinctiveness of these three lineages obtained in the mtDNA phylogenetic analysis.
Dating estimates
Our BRMC calibrated ultrametric tree for all Bufonidae yielded most of the clades compatible with previously published phyloge- The red dots depicted in the shallow splits denote a bootstrap value equal or higher than 80% and simultaneously a posterior probability equal or higher than 0.90. The reference bar is expressed in substitutions per site. Numbers at the tips of the tree refer to specimens listed in Table 1 . The outgroups have been removed. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
nies of this family (Van Bocxlaer et al., 2009 , 2010 , and all the nodes involving the Bufo bufo species complex were recovered with the highest possible support (posterior probability of 1) (Supplementary material II). The crown age of the family Bufonidae was estimated at approximately 60 , compatible with previous estimates (Roelants et al., 2007; Van Bocxlaer et al., 2009 , 2010 and with the age of the oldest fossil attributable to the family Bufonidae (55 Ma old) (Báez and Nicoli, 2004) .
Regarding our ingroup (Fig. 5) , the age of the split between the Bufo bufo and the Bufo gargarizans species complexes was estimated at 12.33 Ma (95% Highest Posterior Density = 8. . The separation between Bufo eichwaldi and the main European populations occurred approximately 7.42 Ma (95% HPD = 5.15-9.99 Ma) and was followed by the split between the ancestor of the European and Caucasian populations and the ancestor of the Iberian and African populations, which occurred around 5.21 . Finally, our dating estimates place the separation between the Iberian and the African populations at 3.07 Ma (95% HPD = 1.91-4.36 Ma), with the remaining splits occurring within the Pleistocene (Fig. 5) .
Distribution modeling
The Central Asian Deserts as a biogeographic barrier
All distribution models of both species complexes across Eurasia produced either independently or pooled provided mean AUC values beyond 0.9 and significance for all binomial omission tests, indicating a good performance of the models (data not shown). As shown in Fig. 6 , although suitable climatic conditions for both species complexes seem to exist along the Himalayan range, implying a possible contact zone, the genus Bufo has never been reported in this region, which instead is occupied by the Indian-radiated genus Duttaphrynus and the widespread Palearctic genus Bufotes (Van Bocxlaer et al., 2009; Frost, 2011) . Therefore, excluding this predicted contact zone, the distributions of both species complexes appear to be disjoint and nowadays completely isolated by the hyperarid, arid and semiarid regions of Central Asia. This pattern of isolation between both species complexes was resilient to the increase of the regularization values from 1 to 50, although each increment of the value produced more spread-out distributions.
Glaciations as drivers of phylogeographic structure
Modeling of distribution of populations of the European mtDNA clade yielded, on the current climate conditions, a mean test AUC score of 0.856, and all thresholds measured by the binomial omission tests were significantly nonrandom (data not shown). A visual inspection of the predicted distribution under the current climatic conditions showed overall an adequate fit to the distributions of the species as presented in Gasc et al. (1997) (data not shown).
The distribution models based on the LGM conditions indicate a substantial southward retraction of the ranges for the European Fig. 3 . Map showing the geographic distribution of the major clades (mitochondrial) and MCA groups (allozymes) recovered in our analyses (background colors). The outlines depict the shallow phylogenetic structure. The colors and codes have correspondence with those employed in Fig. 2 and in the text. Morocco (a1), Tunisia (a2), North-Central Europe (e1), Southwestern Europe (e2), South-Central Europe (e3), Anatolia (including Northeastern Greece) (e4), Greek Peninsula (e5), North-Central Italy (e6), Southern Italy (e7), North Caucasus (c1), South Caucasus (c2), Central Anatolia (c3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Table 2 Estimates of evolutionary divergence over sequence pairs between clades in terms of the number of base differences per site (p-distance) from averaging over all sequence pairs. Upper right, distances for the 16S; lower left, distances for the ND1. (Fig. 7) . The extent of range shrinkage is variable depending on the climatic model, being more severe under the CCSM and more relaxed under the MIROC. In both cases all Mediterranean Peninsulas, Anatolia and Caucasus appear suitable with different degrees of range fragmentation depending on the model. A substantial area in central Europe appears to be appropriate for the species according to the MIROC model.
Clades
Discussion
The role of the Central Asian Deserts as a biogeographic barrier
Our calibrated timetree sets the age of the split between Bufo bufo and Bufo gargarizans species complexes around 12.33 Ma (95% Highest Posterior Density = 8. , and this is compatible with the oldest fossil attributable to the genus Bufo sensu stricto. This fossil from Suchomasty (Czech Republic) was dated to the MN9 (11.1-9.7 Ma) by Rage and Roček (2003) , although Mein (1999) , based on mammal faunas, assigned the locality to the MN10 (9.7-8.7 Ma) (Agustí et al., 2001) .
Our distribution models (Fig. 6) show that both species complexes are completely isolated by the arid areas of Central Asia, a result congruent with a scenario of a climate-driven isolation between these two species complexes assuming niche conservatism during the last 10 My. However, our estimate of 12.33 Ma for the timing of this vicariant event (Fig. 5) does not match the most recent geological studies based on Loess deposits in China, which show that the Central Asian inland deserts originated in the Early Miocene, 22 Ma (Guo et al., 2008) or even 24 Ma (Sun et al., 2010) . Despite that, the event that separated these two species complexes was probably not the geological origin of the Central Asian Deserts but their emergence as biogeographic barriers, and these two phenomena do not necessarily have to be synchronous. In fact, mineralogical and sedimentological records of the Northern-South China Sea show that the aridification process of Central Asia was not a homogeneous process but encompassed several pulses of accelerated aridification, with two great pulses at approx- imately 15 and 8 Ma (Wan et al., 2007) . This estimate matches those of several studies from widely separated places in the Eastern part of China's Loess Plateau, which show initial accumulation of loess between 10-8 Ma (Donghuai et al., 1998; Ding et al., 1999; Qiang et al., 2001) .
From a paleobiological perspective, major levels of mean hypsodonty (dentition characterized by high-crowned teeth, typical of species inhabiting arid habitats) are observed in the large mammal faunas of Central China during the early Late Miocene (11.1-9.7 Ma), indicating an increase in aridity during this time interval (Liu et al., 2009 ). Moreover, the palynological record of the Northeastern margin of Tibet also reflects a marked shift towards more arid landscapes around 9 Ma (Ma et al., 1998; Sun and Wang, 2005) .
Other diversification events fully agree with the development of the Central Asian Deserts during the Middle Miocene (15.9-11.6), either as an effective biogeographic barrier or as a source of new habitats that enhanced arid-adapted species radiations. An example of the latter is the origin of the radiation of desert-adapted lizards of the genus Phrynocephalus which, for Central Asia, dates between 17 and 11 Ma (Melville et al., 2009 ), according to the existing overlap of the 95% HPD between the estimates of the mitochondrial and nuclear markers. Moreover, the dating of the split between the Eastern and Western species complexes of Bombina, another case of Central Asian vicariance, has been established between 13.8 and 6.6 Ma (Roelants et al., 2007) and between 20.9 and 5.1 Ma (Zheng et al., 2009) . These values are also compatible with our dating estimates. All this evidence points to the complete isolation of lineages triggered by an increase in the arid conditions in the Central Asian region, supporting a climate-driven isolation between Eastern and Western species complexes as proposed by Savage (1973) and Borkin (1984) .
Major splits in the Western Palearctic
Between the Late Miocene and Early Pliocene (11.6-3.6 Ma) two successive splits occurred: the separation of the lineage leading to Bufo eichwaldi (Caspian clade) from the rest and the separation between the ancestor of the European and Caucasian populations and the ancestor of the Iberian and African populations (Fig. 5) . Several other cladogenetic events in amphibians have been reported in Europe within the same temporal frame: Bombina bombina/Bombina variegata (Fromhage et al., 2004) , Triturus vulgaris/Triturus montandoni (Zajc and Arntzen, 1999) , Pelophylax fortis/Pelophylax ridibundus (Akin et al., 2010) , Hyla arborea/Hyla orientalis (Stöck et al., 2008a,b) , and possibly the Eastern and Western lineages of P. fuscus (Crottini et al., 2007) . The existence of the Parathetys Sea following an Eastern-Western axis in Central-Eastern Europe during the Miocene has been proposed to explain the split between the snakes, Natrix natrix and Natrix tessellata (Guicking et al., 2006) , as a consequence of a North-South vicariance. This same vicariance could also explain the divergence between the Caspian population from the remaining populations of the Bufo bufo species complex given that the Paratethys Sea partially isolated what are now the Caucasus and the Southern Caspian shore from the rest of Europe during the Late Miocene (Popov et al., 2006) . However, the Late Miocene is also a period of a severe climatic and ecological reorganization already initiated around 10 Ma, when the European continent progressively shifted from more or less homogeneous humid conditions to drier conditions with higher levels of climatic and ecological heterogeneity. In fact, the Middle Turolian (7.6-6.8 Ma) is a period of upsurge of dry and open habitats as can be deduced from the great expansion of the savanna-adapted Pikermian faunas (Solounias et al., 1999) and the paleopalinologic record (fossil pollen and spores) (Fauquette et al., 2006) . However it is between the Middle and Late Turolian (7-5 Ma) when the major break in climatic conditions occurred according to the levels of mammalian hypsodonty, with a transient phase of strong aridity dominating a large part of continental Europe (Fortelius et al., 2002 (Fortelius et al., , 2006 Van Dam, 2006) . We hypothesize that this paleoclimatic scenario is congruent with severe changes in the population ranges of mesophilic amphibians, which eventually could lead to cladogenetic events.
Overseas dispersal across the Strait of Gibraltar and North African genetic structure
According to our mtDNA phylogenetic results (Fig. 2) , North Africa was colonized from the Iberian Peninsula. Our dating estimates place the split between the Iberian and African clades clearly after the reopening of the Gibraltar Strait, implying overseas dispersal (Fig. 5) . So far, this same mode of dispersal has been proposed for some mammals (Cosson et al., 2005) , many reptiles Carranza et al., 2006; see Pleguezuelos et al., 2008 for a review), some invertebrates (e. g. Horn et al., 2006) and, regarding amphibians, it has been suggested for some lineages of Pleurodeles waltl and Hyla meridionalis (Recuero et al., 2007) , although in both cases human-mediated dispersal cannot be fully excluded. In the Mediterranean basin, overseas dispersal from Africa to Europe has been suggested for the Bufotes viridis species complex (Stöck et al., 2008b) .
The dispersal capabilities of amphibians across the sea have been evidenced several times despite the apparent severe limitations that salt water imposes to their physiology (Measey et al., 2007; Vences et al., 2003) . Some of the best known events of overseas dispersal by amphibians seem to be mediated by the combination of two factors: (1) great rivers able to expel islets of soil and vegetation a long way into the open sea; and (2) long-persisting torrential rains that can greatly reduce the salinity across the oceanic dispersal path (Measey et al., 2007) . Although during the Pli- ocene Western Europe was overall wetter than today (Jost et al., 2009) , probably rains were never intense enough to produce a substantial decrease in seawater salinity. However great Iberian rivers, such as the Guadalquivir, could have had an important role in projecting rafts into the open water, which afterwards could have reached the North African coast through the currents. In the particular case of Bufo bufo, it is known that brackish waters do not prevent animals from swimming in open water in the North Baltic Sea, even allowing gene flow between islands (Seppa and Laurila, 1999) , indicating a certain degree of salt tolerance in this species. The African group comprises two highly supported subgroups corresponding to Moroccan versus Tunisian populations (Figs. 2 -4) , although in the NJ tree from Fig. 4c the African group is not monophyletic. This same pattern of high level of genetic variability in North Africa has been observed in several other groups, as for instance the lacertid lizard Timon tangitanus/Timon pater (Paulo et al., 2008) , the frogs Hyla meridionalis (Recuero et al., 2007; Stöck et al., 2008a) and Pelophylax saharicus (Harris et al., 2003) , the toad Discoglossus scovazzi/Discoglossus pictus auritus (Zangari et al., 2006) , and the snakes Natrix maura (Guicking et al., 2006) , Natrix natrix and Coronella girondica (pers. observ.). The arid conditions of the Moulouya Basin could explain this dichotomy, as evidenced by the gap in the potential distribution of the Bufo bufo species complex in North Africa (results not shown). However, because of our lack of samples in the wide area existing between our Easternmost Moroccan samples and our Tunisian samples (mainly Algeria), we cannot know with certainty whether the Moulouya Basin represents the vicariant event that separated these populations.
Effects of glaciations
The Caucasian populations comprise three distinct subgroups (c1-c3; Fig. 2 ) and the European populations up to seven subgroups (e1-e7; Fig. 2 ). According to our dating estimates (Fig. 5) this structuring occurred during the Pleistocene and can be interpreted as signatures of the Quaternary glacial events, implying several cycles of retraction/expansion of the population ranges accompanied by strong effects of sorting of ancestral polymorphisms (Hewitt, 2000) . The nested pattern observed in the European-Caucasian group suggests that at least two heterochronous events shaped its inner structure. The first event could have involved the Caucasian region as Pleistocene refugia, although we cannot exclude the possibility of an extra-Caucasian split with a posterior population retraction into the Caucasus. Secondary glacial events produced the youngest fragmentations, which, based on their strong geographic association, suggest that up to seven refugia could have existed (Figs. 2, 3 and 7) .
The Caucasus appears in many phylogeographies as a source of distinctive lineages, involving cases of recent glacial-driven splits (Grassi et al., 2008) . Paleopalinological data indicate the presence of a mild climate in the area during the LGM, as can be inferred from the presence of conifer and mixed forests in the Western Caucasus 18 Ka (Tarasov et al., 2000) . This is congruent with our LGM projections that show the area as climatically suitable for the species and greatly isolated, supporting the hypothesis that it could have acted as a Pleistocene refugium (Fig. 7) .
The structuring of the European populations is congruent with the existence of four Pleistocene refugia in the Mediterranean region and three refugia in Central Europe (see Figs. 2, 3 and 7) . The Mediterranean refugia encompass Southern Italy (e7), Central/Northern Italy (e6), Greece (e5) and Anatolia (e4), and all of them have been reported as Pleistocene refugia for many groups, conforming to the Adriatic-Mediterranean and Pontic-Mediterranean elements based on chorological analysis (Schmitt, 2007) . The existence of more than one phylogroup in the Italian Peninsula is a very common pattern in other Mediterranean Peninsulas, revealing so-called ''refugia within refugia'' (Gómez and Lunt, 2007) . The main phylogeographic feature found in many Italian taxa is the presence of distinctive lineages in the Sicilian-Southern Italian region, as observed for instance in the mammal Sciurus vulgaris (Grill et al., 2009) , reptiles Hierophis viridiflavus and Zamenis longissimus/Zamenis lineatus (Joger et al., 2010) and amphibians Bombina pachypus (Canestrelli et al., 2006) and Hyla intermedia (Canestrelli et al., 2007) . Our results match this pattern, with a clearly differentiated Southern Italian haplotype group distributed across Sicily and Southern Italy.
The genetic differentiation of the South Italian biotas has been attributed to two major physiographic features in the region, the Crati-Sibari graben and the Catanzaro graben, which have been repeatedly marine-flooded following glacio-eustatic sea-level fluctuations during the Upper Pliocene and Pleistocene, interrupting or reducing the genetic exchange with the rest of the Italian Peninsula (Santucci and Nascetti, 1996; Canestrelli et al., 2007; and references therein) . However, considering the patchy distribution pattern observed in our climatic projection under the CCSM paleoclimatic scenario, we do not exclude a climatically driven isolation during the Pleistocene glaciations.
The Anatolian refugium was already suggested for Bufo bufo by Kutrup et al. (2006) , and this is consistent with our Anatolian haplotype group, which is distributed from the Eastern Balkans-Western Anatolia to Eastern Anatolia (e4; Figs. 2 and 3) . A similar phylogeographic pattern occurs in the reptile Zamenis longissimus (Joger et al., 2010) and several species of mammals (Randi, 2007;  and references therein). The presence of a cool temperate forest has been proposed for a narrow band along the southern shore of the Black Sea 18 ka (Adams and Faure, 1997) , supporting the putative role of this region as a glacial refugium.
Three subclades can be geographically associated with Central Europe, all of them phylogenetically closely related (see Figs. 2, 3 and 7): a South-Central European clade (e3) including Southern France, the Alpine region and Northern Balkans, a North-Central European clade (e1) encompassing Great Britain, Scandinavia, the North-Central European mainland reaching Western Russia and Ukraine, and a Southwestern European clade (e2) containing the localities of Gap and Altier in Southwestern France. Clades tightly associated with Central Europe have been reported for many groups. In the case of amphibians, these have been noted for Rana arvalis (Babik et al., 2004) , Rana temporaria (Palo et al., 2004) and even in thermophilous species such as Epidalea calamita (Rowe et al., 2006) . These phylogeographic patterns suggest the existence of Northern ''cryptic'' refugia for several species, and the existence of these refugia has been unambiguously corroborated on the basis of paleopalynology, paleontology (Stewart and Lister, 2001 ) and paleoclimatic modeling (Svenning et al., 2008) . Our niche projection onto the MIROC paleoclimatic scenario indicates that suitable LGM climatic conditions could have existed across Central Europe for the European populations, supporting the possibility that the Central European populations could correspond to Northern ''cryptic'' refugia for the species; however, we cannot exclude the possibility that these populations could have originated from refugia located in the Northern Balkans (North-Central European clade) or the submediterranean areas of South-Central Europe (Southwestern and South-Central European clades), which also contained suitable areas for the species during the LGM according to our paleoclimatic projection (Fig. 7) .
In the Iberian Peninsula, the Iberian populations fail to show a clear phylogeographic pattern, and this agrees with a previous genetic survey of Iberian populations using microsatellites and the mitochondrial control region revealing little population differentiation and extensive gene flow at a wide spatial scale (Martinez-Solano and Gonzalez, 2008) . This suggests that the Iberian populations did not experience a great amount of population fragmentation during the Pleistocene glaciations, possibly as a consequence of a single and wide Pleistocene refugium preserving a great amount of haplotypic diversity with little geographic fragmentation.
Implications for the systematics of the Bufo bufo species complex
Although a subspecies or species is not necessarily monophyletic for mtDNA haplotypes, when monophyly of mtDNA haplotypes characterizes a geographic population, that observation serves as a strong diagnostic criterion for a historically distinct lineage. The results of both mtDNA and allozyme analyses support the same five main population lineages within the Bufo bufo species complex but do not show congruence with the currently accepted taxonomy of the group. The monophyly tests performed with the mtDNA data set clearly rejected monophyly of Bufo bufo spinosus and Bufo bufo bufo as currently defined (see above). The three samples of Bufo b. gredosicola included in the mtDNA study branched within B. b. spinosus from the Iberian haplotype clade. However, further studies including morphology, fast-evolving nuclear markers and a better sampling at the population level are needed to assess the taxonomic validity of the population of Bufo bufo from the Sierra de Gredos (Lizana, 2002 Figs. 1, 2 and 4) . Bufo b. spinosus is traditionally diagnosed mainly based on its body size and the degree of development of the keratinous warts. Our results suggest that these characters evolved independently multiple times towards the PeriMediterranean area, possibly as an adaptation to dry environments. The relationship between moisture and size has been proposed by Duellman and Trueb (1994) , with larger animals having greater desiccation tolerance due to the decrease in body surface (especially so in ''spherical'' shapes like the toads). Moreover, the level of keratinization could be related to desiccation tolerance as well.
Based on the mtDNA and allozymic results, each one of the five main population lineages of the Bufo bufo species complex represent a different taxon. According to the phylogeny from Fig. 2 and the taxonomy of the group, the Caspian population should be recognized at the specific level as Bufo eichwaldi. The results of the MCA analyses (Fig. 4) and a close inspection of the allozyme frequency table (Supplementary material III) clearly show that some of the populations present a mixed ancestry indicating extensive past or ongoing introgression. For instance, Greek populations 69 and 117, which carry mtDNA of the European haplotype clade (Fig. 2) , have an intermediate position between the Caucasian populations and the European populations in the MCA allozyme analysis (Fig. 4) . The same occurs with specimens from locality 108, assigned to the European population based on their mtDNA but with some Iberian alleles at some loci (Est-3, G6phd; see Fig. 4 and Supplementary material III), or with specimens from locality 45, classified as belonging to the Iberian population based on their mtDNA but with European alleles in some loci ( Fig. 4 ; Supplementary material III). As a result of the observed introgression between the different populations and until a more detailed study reveals the contact zones, we prefer to regard the Caucasian, European, Iberian and African populations as different subspecies of Bufo bufo. Moreover, any future analyses should attempt to add information on the morphology and bioacoustics of the different populations.
Based on the information on the type localities, the name Bufo bufo verrucosissimus should be used for the Caucasian population, Bufo bufo bufo for the European population, Bufo bufo spinosus should be restricted to the Iberian population and, until a new subspecies is described, Bufo bufo ssp. should be used for the African population. This latter population might, in fact, include two different subspecies, one in the Western Maghreb and another one in the Eastern Maghreb.
Conclusions
According to our results, the Bufo bufo and the Bufo gargarizans species complexes diverged during the Middle Miocene, most probably as a consequence of a climate-driven isolation coincident with an increase in the aridification of Central Asia. After this split between Eastern and Western complexes, at least three main lineages were generated within the Bufo bufo complex: (1) Caspian lineage (Bufo eichwaldi); (2) the Iberian-African lineage; and (3) the European-Caucasian lineage (Fig. 2) . All these three splits were unambiguously placed in Pre-Pleistocene times according to our dating estimates, probably in the Late Miocene. We propose here that the cladogenetic events leading to these lineages could be mediated by the combination of paleogeographic features (as the Parathetys Sea) and the climate shift that occurred in Europe in the Late Miocene towards major levels of aridity and savanna-like environments.
A dispersion event leading to the colonization of Northern Africa occurred during the Pliocene, after the opening of the Gibraltar Strait, and this could be the first unambiguous case of overseas dispersal across the Gibraltar Strait for an amphibian.
The structure of the European-Caucasian populations involved at least two major reorganizations during the Pleistocene, with an older split between the European lineage and the Caucasian lineage, possibly involving the Caucasus as a Pleistocene refugium, and other shallower structuring mediated by more recent Pleistocene glaciations. These promoted high levels of geographic fragmentation and genetic differentiation in the European and Caucasian lineages. This more recent structuring is compatible with the range fluctuations experienced by Paleartic faunas during the Pleistocene concomitant to glacial events. We propose seven Pleistocene refugia, four Mediterranean refugia involving the Iberian and Italian peninsulas, the South Balkanic region and Anatolia, and three refugia with diffuse locations that together form an extensive Central European group (see Figs. 2, 3 and 7). These latter refugia were the most probable source for the recolonization of northern Europe after the ice withdrew. In contrast, the Iberian Peninsula seems not to have any structure coupled with geography, and this is probably the consequence of a single wide refugium retaining great amounts of ancestral polymorphism.
